THE THICK ASCENDING LIMB (TAL) is responsible for reabsorption of ϳ25% of filtered Na ϩ as well as Ca 2ϩ (21) and contributes to the generation of the osmotic gradient that drives vasopressin-dependent water reabsorption by the collecting duct. The transport of NaCl across the apical membrane of the TAL occurs mainly via a bumetanide-sensitive Na ϩ -K ϩ -2Cl Ϫ cotransporter (NKCC2 or BSC1) (23) . Reabsorption of NaCl is then completed as Na ϩ exits the cell via the basolateral Na ϩ -K ϩ -ATPase while Cl Ϫ diffuses along its electrochemical gradient through basolateral KCl cotransporters or Cl Ϫ channels. The apical renal outer medullary K ϩ channel (ROMK) is a major contributor to K ϩ recycling, which is essential for maintenance of Na ϩ -K ϩ -2Cl Ϫ cotransporter activity (25, 26) . Activation of the calcium-sensing receptor (CaR) regulates Na ϩ , K ϩ , Cl Ϫ , and divalent cation reabsorption in the TAL; however, the mechanisms that contribute to these effects have not been fully determined (28) . We recently showed that CaR activation increases TNF production in mTAL cells and proposed that this cytokine may contribute to CaR function in this segment of the nephron (47) .
The nuclear factor of activated T cells (NFAT) family of transcription factors includes five proteins evolutionarily related to the Rel/NF-B family (10) . The classic members of this family comprise NFAT1-NFAT4, and the primordial member is NFAT5 (36) . Although originally described as transcription factors critical to signaling via the T cell receptor for antigen, NFAT proteins are expressed in many nonlymphoid tissues where they contribute to diverse cellular functions (5, 11, 34) . NFAT5 (also called Ton/EBP for tonicity element binding protein or OREBP for osmotic response element binding protein, a transcription factor crucial for cellular responses to hypertonic stress) (35, 39) is expressed in the kidney and contributes to induction of genes that increase the accumulation of organic osmolytes that protect cells against damage in a hypertonic environment (8) . Accordingly, current concepts of NFAT5 function clearly define its role in countering the deleterious effects of the hypertonic environment found within the renal medulla (8, 20, 50, 51) . The mechanism for accumulation of osmolytes in response to high concentrations of NaCl and urea in renal medullary cells includes increased transcription of the genes for aldose reductase and neuropathy target esterase, which encode proteins that increase sorbitol and glycerophosphocholine synthesis, respectively. The promoter regions of betaine, sodium myo-inositol, and taurine transporters also contain at least one osmotic response element, and transcriptional activity of these genes is stimulated by NFAT5 in response to hypertonicity (8) .
Our recent study demonstrated activation of NFAT via stimulation of CaR (1) . However, no information is available regarding the presence and function of NFAT isoforms in medullary TAL (mTAL) cells. We were prompted to determine the contribution of NFAT5 to TNF production and CaRmediated transport function in the mTAL as NFAT5 has been linked with regulatory mechanisms in association with NKCC2 and ROMK activity (22, 32) . In the present study, we identified five NFAT isoforms in mTAL tubules and primary cultures from mice. We demonstrate that mTAL cells have high constitutive levels of NFAT5 mRNA and protein and that this isoform contributes to CaR-mediated regulation of apical Cl Ϫ entry in these cells. The present studies will contribute to an understanding of the molecular mechanisms by which CaR activation increases TNF production and function in mTAL cells and suggest that NFAT5 plays an important role in salt and water balance as part of the CaR/TNF/cyclooxygenase 2 (COX-2) system that regulates ion transport pathways in these cells.
MATERIALS AND METHODS

Chemicals and reagents.
The anti-NFAT5 antibody was purchased from Santa Cruz Biotechnology (Santa Cruz, CA) and used at 1:1,000 for immunoblot analysis and 1:500 for immunofluorescence and laser scanning cytometry (LSC). Tissue culture media was obtained from Life Technologies (Grand Island, NY). Collagenase (type 1A) was from Sigma (St. Louis, MO), and polyvinylidene difluoride (PVDF) membranes were obtained from Amersham (Arlington Heights, IL). Reagents for preparation of the TNF ELISA were purchased from Pharmingen (San Diego, CA), and the luciferase assay kit was from Promega (Madison, WI). All other chemicals were of the highest grade commercially available.
Animals. Male C57BL6/J mice (8 -12 wk) purchased from Jackson Laboratory were maintained on a standard diet and given tap water ad libitum. Experimental procedures were conducted in accordance with institutional and international guidelines for the welfare of animals (animal welfare assurance number A3362-01, Office of Laboratory Animal Welfare, PHS, NIH).
Isolation of mTAL tubules and cells. mTAL tubules and cells (90 -95% purity) were isolated from mice in a manner similar to that established in our laboratory for rats, with the exception that a lower concentration of collagenase (0.01%) was used (9, 31) . Briefly, mice were anesthetized with an intraperitoneal injection of pentobarbital sodium (0.065 mg/10 g body wt). The kidneys were perfused with sterile 0.9% saline via retrograde perfusion of the aorta and cut along the corticopapillary axis. The inner stripe of the outer medulla was excised, minced with a sterile blade, and incubated for 10 min at 37°C in a 0.01% collagenase solution gassed with 95% oxygen. The suspension was sedimented on ice, mixed with Hanks' balanced salt solution (HBSS) containing 2% BSA, and the supernatant containing the crude suspension of tubules was collected. The collagenase digestion was repeated three times with the remaining undigested tissue, and the combined supernatants were centrifuged for 10 min, resuspended in HBSS, and filtered through a 52-m nylon mesh membrane (Fisher Scientific, Springfield, NJ). The filtered solution was discarded, and the tubules retained on the mesh were resuspended in HBSS and centrifuged at 500 rpm for 10 min; pelleted tubules were used in experiments or to establish primary cultures of mouse mTAL cells. Cells were grown in six-well plates using Renal Epithelial Cell Basal Medium (REBM, Cambrex), containing Renal Epithelial Cell Growth Medium (REGM, Cambrex) consisting of rhEGF, insulin, hydrocortisone, GA-1,000 (gentamicin sulfate and amphotericin B), FBS, epinephrine, T3 (triiodothronine), and transferrin. After 6 -7 days, monolayers of cells were 70 -80% confluent. The cells were quiesced for 24 h in RPMI containing 0.42 mM CaCl 2 and 0.5% FBS, L-glutamine (2 mM), 100 U/ml streptomycin/penicillin (GIBCO), MEM nonessential amino acids (GIBCO), MEM sodium pyruvate, and ␤-mercaptoethanol before their use. In all experiments, "control conditions" (i.e., no addition of CaCl 2) reflects that cells were incubated in media containing 0.42 mM Ca 2ϩ . This amount of calcium should be added to the amounts used to challenge the cells to calculate total Ca 2ϩ present. These control conditions were selected based on previous work showing that the CaR is functionally insensitive when Ca 2ϩ concentrations are Ͻ1 mM (48) . Isolation of total RNA and amplification of cDNA fragments. Total RNA was isolated from mouse mTAL tubules and primary cultures of mTAL cells by adding 1 ml TRIzol reagent and incubating at room temperature for 10 min. Chloroform (0.2 ml) was then added at room temperature for 2-3 min followed by centrifugation at 4°C at 12,000 rpm for 15 min. Isopropanol (3 vol) was added to the recovered supernatant, and the mixture was incubated at room temperature for 10 min, then centrifuged at 4°C at 12,000 rpm for 15 min. The supernatant was discarded, the pellet was washed in 1 ml of 75% EtOH, mixed gently, and centrifuged for 5 min at 7,500 rpm at 4°C; the supernatant was removed and the pellet was dried for 5-10 min. Finally, the RNA pellet was resuspended in 50 l of RNase-free dH2O and stored at Ϫ70°C. After total RNA was treated with deoxyribonuclease I for 30 min, a 3-g aliquot was used for cDNA synthesis using the Superscript Preamplification system (Life Technologies) in a 20-l reaction mixture containing Superscript II reverse transcriptase (200 U/l) and random hexamers (50 ng/l). The reaction was incubated at room temperature for 10 min to allow extension of the primers by reverse transcriptase, then at 42°C for 50 min, 70°C for 15 min, and 4°C for 5 min. cDNA fragments were separated on a 1% agarose gel and stained with ethidium bromide.
Detection of target gene expression. A 0.5-g aliquot of total RNA was converted to cDNA using random primers and PowerScript RT (Clontech) according to the manufacturer's protocol. The cDNA from each RNA sample was put in a 20-l RT-PCR mixture using a FastStart DNA Master SYBR Green I kit (Roche) supplemented with 3 mM MgCl2 and Platinum Taq polymerase (Invitrogen). Quantitative real-time PCR (qRT-PCR) was used to determine the accumulation of mRNA for NFAT isoforms and TNF. The specific primer pairs for murine NFAT isoforms are provided in Table 1 ; murine TNF primers (forward: 5-GCCACCACGCTCTTCTGT-3; reverse: 5-TTGAGATCCAT-GCCGTTGG-3) were designed based on accession no. NM_013693. Input cDNAs were normalized using the housekeeping gene ␤-actin, and the efficiency of primer pair amplification was determined using a standard curve generated using serially diluted plasmid DNA for NFAT isoforms (40, 41) . Relative TNF mRNA accumulation was calculated by the 2(Ϫ⌬⌬CT) method (33) .
NFAT5-dominant negative, small hairpin RNA, pTonE_Luc, and TNF-Luc constructs. A NFAT5-dominant negative (NFAT5-DN) expression plasmid was generated by cloning a NFAT5 cDNA fragment containing the NFAT5 DNA binding domain (DBD) into the pcDNA3.1 vector (Invitrogen); a cDNA (nucleotides 1074-1694 encoding amino acids 175-471, NM_018823.1) was used in this study (34) . The pcDNA3.1-NFAT5 or NFAT5-DN cDNA was amplified from the pBluescript SKϩ vector containing full-length NFAT5 using NFAT, nuclear factor of activated T cells.
restriction enzymes BamHI and XhoI and ligated into the pcDNA3.1 vector. Small hairpin (sh)RNA-expressing constructs were made by cloning the first 315 bp of the murine U6 promoter up to the base before the G marking the transcriptional start site. The fragment was cloned between EcoRI and BamHI in pBluescript (Stratagene), and the construct was used as a template for PCR of a U6-shRNA construct whose hairpin targeted exon 8 of the NFAT5 gene (U6-N5 ex8). A U6-shRNA construct with a scrambled hairpin was designed (U6-N5). These PCR reactions used a common primer for the 5Ј-end, sense: gcagaattcGATCCGACGC-CGCCATCTCT. The antisense primers for the 3Ј-ends were as follows: gcagctagcCTCGAGAAAAAAGCAATGTCAGAGTAGAGCCCTA-CACAAAGGCTCTACTCT GACATTGCAAACAAGGCTTTTCTC-CAAGGGATA (shRNA targeting NFAT5 exon 8); and gcagctagcCTCGAGAAAAAAGAACGTTCGATAATGGATCCTACACAAA-GATCCATTATC. A U6-shRNA construct with a scrambled hairpin was also designed (U6-N1) for hairpin targeted exon 4 of the NFAT1 gene (U6-N1 ex4). The antisense primers for the 3Ј-ends were as follows: gcagctagcCTCGAGAAAAAAGACTGATTGGAGAGTGGCCCTACAC-AAAGGCCACTCTCCAATCAGTCAAACAAGGCTTTTCTCCAA-GGGATA (shRNA targeting NFAT1 exon 4); GAACGTTCAAACAAG-GCTTTTCTCCAAGGGATA (scrambled nonsilencing shRNA) (12, 18) . The pTonE_Luc reporter (43) (originally from Dr. Steffan N. Ho), was provided by Dr. Feng Cheng (Washington University, St. Louis, MO).
Using PCR, we amplified the TNF promoter region from Ϫ200 to ϩ68 nt relative to the transcription start site, and the NheI-BglII restriction fragment was subcloned into firefly luciferase reporter plasmid pGL3 Basic (Promega) (18) ; plasmids were isolated with EndoFree plasmid kits (Qiagen) for use in the mTAL cells.
Transient transfection. After murine mTAL cells were cultured to 70 -80% confluence, the medium was removed and cells were placed in 1 ml of serum-free OPTI-MEM medium containing different plasmid DNA constructs and 10 l lipofectamine reagent (Life Technologies) or Lipofectamine 2000 (Invitrogen), according to the manufacturer's instructions, for 4 h at 37°C/5% CO 2.. After the transfection period, 1 ml of DMEM/F12 containing 20% FBS was added and cells were incubated overnight at 37°C/5% CO 2. The medium was then removed, and cells were cultured for an additional 12 h in DMEM/F12 containing 10% FBS. The different assays were performed after transfection. Transfection efficiency was evaluated by flow cytometry of cells transfected with pcDNA3.1-EGFP. Stimulation was performed with calcium for 6 -9 h after cells were quiesced overnight in RPMI containing 0.5% FBS. In the TNF promoter experiments, cells were transfected by DEAE-dextran with 1 g of the firefly luciferase reporter plasmids, 0.6 g of pRL-TK plasmids (Promega) containing a Renilla reniformis luciferase gene as a control plasmid, and 7 g of the dominant negative version of NFAT5 (NFAT5-DN) expressing or the corresponding empty plasmid vector (pcDNA3.1). The luciferase activities of cell extracts were determined using the Dual-Luciferase Reporter Assay System according to the manufacturer's instructions (Promega). Luciferase activity was calculated as relative light units from firefly luciferase normalized to R. reniformis luciferase values.
Nuclear extracts and protein assay. Nuclear extracts were prepared by a modification of the method of Dignam et al. (1, 14) . One day after transfection, cells were quiesced overnight in RPMI medium containing 0.5% FBS. After treatment, cells were harvested with RIPA buffer into a 1.5-ml Eppendorf tube and spun for 5 min at 4,000 rpm and 4°C. The cell pellet was lysed in CE buffer (10 mM Tris, pH 8.0, 60 mM KCl, 2 mM MgCl 2, 1 mM DTT, 0.1 mM EDTA, 0.5 mM PMSF, 10 g/ml aprotinin, 25 M leupeptin, 2 M pepstatin A, and 0.3% Nonidet P-40) at 4°C and centrifuged for 5 min at 4,000 rpm and 4°C. The nuclei were kept on ice and washed in 0.5 ml CE buffer without Nonidet P-40 for 5 min at 4,000 rpm, and nuclear proteins were extracted under high-salt conditions in a solution containing 20 mM Tris, pH 7.8, 0.42 M NaCl, 1.5 mM MgCl 2, 0.5 mM DTT, 0.2 mM EDTA, 0.5 mM PMSF, 10 g aprotinin/ml, 25 M leupeptin, 2 M Fig. 1 . Identification of nuclear factor of activated T cells (NFAT) isoforms in the medullary thick ascending limb of Henle's loop (mTAL). A: total RNA quality and size were assessed by separation on a 1% agarose gel stained with ethidium bromide. Two distinct 28S and 18S ribosomal RNA bands were observed, and an intensity of 28S was twice that of 18S band with no degradation. Lanes 1-3: total RNA from mouse primary mTAL cells, mTAL tubules, and outer medulla. B: cDNA fragments for NFAT1-5 were generated by RT-PCR using total RNA from mouse mTAL cells. Possible contamination was ruled out by including PCR control samples with no DNA as a template. M, markers; 1-5, NFAT isoforms. C: DNA sequence analysis of NFAT5 cDNA fragment from mTAL cells. pepstatin A, and 25% (vol/vol) glycerol for 30 min at 4°C. After centrifugation at 12,000 rpm for 30 min, protein concentration in the supernatant was determined with a Bio-Rad protein assay kit.
Immunoblot analysis. Equal amounts of cellular protein lysates were separated by SDS-PAGE and electrophoretically transferred to nitrocellulose membranes. Following overnight treatment with 5% skim milk at 4°C, membranes were probed with appropriated antibodies for 1 h followed by incubation with horseradish peroxidaseconjugated secondary antibodies (Amersham Pharmacia Biotech). Membranes were washed, and proteins were detected by the enhanced chemiluminescence system (Amersham, Arlington Heights, IL).
Measurement of TNF. Primary cultured murine mTAL cells were quiesced overnight and then challenged with CaCl 2 for different times at 37°C/5% CO2. TNF levels in cell-free supernatants were determined by ELISA (Pharmingen), according to the protocol provided by the manufacturer and as previously described (47) .
Immunofluorescence and nuclear staining. Cells were seeded onto two chamber tissue culture-treated glass slides (BD Bioscience), washed several times with PBS, fixed with freshly prepared 4% paraformaldehyde in PBS for 1 h, rinsed several times with fresh PBS, and stored in the cell culture plates at 4°C. For staining, cells were permeabilized with 0.1% Triton X-100 in PBS for 1 h at room temperature. After each sequence with either a primary (rabbit) or secondary antibody (donkey anti-rabbit-conjugated with Alexa Fluor 488; Invitrogen), slides were washed five times with a high-salt solution containing 1% BSA and 2.3% sodium chloride in PBS, followed by a single wash with PBS. Cells were then washed three times and stained with 1 g/ml 4,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich) for 5 min followed by a single wash with PBS. The slides were examined using a Nikon Microphot FXA microscope equipped for epifluorescence illumination. Laser-scanning cytometry (LSC; iCys; CompuCyte, Cambridge, MA) was used to measure expression of nuclear NFAT5. In brief, nuclear and cytoplasmic fluorescence was measured by LSC using UV and 488-nm wavelength argon ion lasers to excite the fluorescence of DAPI and Alexa Fluor 488, respectively. Nuclear contouring was based on blue fluorescence of DAPI. The intensity of blue (DAPI) and green (Alexa Fluor 488) fluorescence emission was measured by separate photomultipliers. The integrated value of green fluorescence representing NFAT5 immunofluorescence was measured in the nucleus and cytoplasm, which was defined by integration and peripheral contour settings, respectively, as described before (13) .
Cl Ϫ measurements. Cl Ϫ levels in cells were determined using 6-methoxy-N-ethylquinolinium (MEQ), a Cl Ϫ -sensitive fluorescent dye (4, 17, 37) . Cells were grown to 70 -80% confluence on six-well plates and then transfected with either scrambled control U6-N5 or U6-N5 ex8, harvested, and seeded onto six-well cell culture inserts (Becton-Dickinson) to obtain polarized mTAL cells. Cells were quiesced overnight and then incubated in the absence or presence of CaCl2 for 6 h at 37°C/5% CO2. After treatment, cells were preincubated for 90 min with cholera toxin (CTX; 100 nM) and then washed twice in Cl Ϫ -free buffer containing 140 mM NaNO3, 5 mM KNO3, 5 mM HEPES, 1 mM Mg(NO3)2, and 5 mM glucose, pH 7.4 (15) . Cells were then exposed for 1 min to a Cl Ϫ -containing buffer (same composition as the Cl Ϫ -free buffer except that NO 3 Ϫ was replaced with Cl Ϫ ) to initiate Cl Ϫ influx, collected by scraping in 1.0 ml Cl Ϫ -free buffer and homogenized twice for 3 min. Lysates were centrifuged for 10 min at 1,400 rpm, and a 100-l supernatant was put into the wells of 96-well plates containing 100 l of 100 M MEQ dye. A FLx 800 microplate fluorescence reader (Bio-Tek) was used to measure the fluorescence with excitation at 360/40 nm and emission at 460 nm. Protein concentration in the supernatant was determined with a Bio-Rad protein assay kit. Cl Ϫ influx was monitored by determining the difference in quenching of dye fluorescence upon exposure of cells to Cl Ϫ -containing and Cl Ϫ -free buffers and is Statistics. All data are presented as means Ϯ SD and were subjected to one-way ANOVA. Multiple means were compared using Tukey's test. Student's t-test or an analysis of variance with multiple comparisons was used to determine the statistical significance.
RESULTS
Identification of NFAT isoforms in mTAL tubules and cells.
Total RNA was isolated from mouse mTAL tubules and primary mTAL cells using TRIzol reagent and assessed by separation on a 1% agarose gel stained with ethidium bromide (Fig. 1A) . Then cDNA was synthesized and amplified using Taq DNA polymerase (2.5 U) in the presence of sense and antisense primers (1 M) for murine NFAT isoforms 1-5 (NFAT1-5), or ␤-actin. Primers were prepared using a DNA synthesizer according to published murine NFAT1-5 cDNA sequences [ Table 1 ; National Center for Biotechnology Information (NCBI) nos, NM_010899, NM_016791, NM_023699, NM_010901, and NM_018823]. Five pairs of specific primers were designed using Epicentre software according to cDNA fragment size and primer condition requirements. Analysis of PCR products, separated on a 1% agarose gel and stained with ethidium bromide, indicates that primary cultures of mouse mTAL cells contain mRNA for all five NFAT isoforms (Fig.  1B) . Freshly isolated mouse mTAL tubules also contained mRNA for all five NFAT isoforms (not shown), demonstrating that the expression pattern in mTAL cells is not a function of culture conditions. The positions and sequences of these primer pairs were confirmed using NCBI BLAST, and cDNA amplification yielded fragments sizes consistent with those predicted by the primers sets used for each isoform (Table 1 and Fig. 1B) . Fig. 4 . NFAT5 contributes to TNF production in mTAL cells. mTAL cells were incubated in the absence or presence of 1.2 mM CaCl2 for 9 h following transfection with pcDNA3.1-NFAT5 or the empty plasmid vector without the NFAT5 cDNA (pcDNA3.1). Supernatants were harvested, and TNF concentrations were determined by ELISA. Values are means Ϯ SD. P Ͻ 0.05; n ϭ 3. In control experiments, total RNA was amplified before cDNA synthesis to exclude the possibility of contamination with genomic DNA (not shown). RT-PCR products shown in Fig.  1B were sequenced using ABI Big Dye V3.0 sequencing chemistry; purified sequencing products were analyzed using an ABI 3730 DNA Sequencer. The DNA sequences for each of the PCR fragments were identical to those previously published for the corresponding isoforms, confirming the specificity of the primers; results for NFAT5 are shown in Fig. 1C .
Relative expression of NFAT isoforms in mTAL tubules and cells. The relative abundance of mRNA levels for NFAT isoforms in mTAL tubules and cells was determined using quantitative real-time RT-PCR. While mRNA for all NFAT isoforms was readily detected, NFAT isoforms 1 and 5 were the predominant isoforms observed in mTAL cells, followed by NFAT4, -2, and -3 (Figs. 2, A and B) ; similar results were obtained for freshly isolated tubules (not shown). The complete absence of any detectable signal in the negative control samples (no input cDNA) indicated that the observed signals were specific. Moreover, Northern blot analysis using the same probe identified a single NFAT5 mRNA transcript with no additional high-stringency hybridization signals (data not shown). Verification of NFAT5 protein expression was provided by Western blot analysis of nuclear protein from mTAL tubules and cells (Fig. 2C) . Transfection efficiency was ϳ60%, as demonstrated by flow cytometry with pcDNA3.1-EGFP (Fig. 2D) . Endogenous NFAT5, observed using fluorescence microscopy, was constitutively expressed in the nucleus and cytoplasm of mTAL cells (Fig. 3C) ; nuclear staining (DAPI) of the corresponding cells in Fig. 3, A, C , and E is illustrated in Fig. 3, B, D, and F, respectively. Transient transfection of mTAL cells with overexpression plasmid pcDNA3.1-NFAT5 increased NFAT5 protein expression, with a similar intracellular distribution, as the level of expression was higher than that observed in cells transfected with empty vector (Fig. 3 , E vs. C); no staining was detected when the primary antibody was omitted (Fig. 3A) . Accordingly, the immunohistochemical data support Western blot analysis showing that NFAT5 protein is expressed in unstimulated primary mouse mTAL cells.
NFAT5 regulates CaR-mediated TNF production. In a previous study, we demonstrated that TNF production in response to exogenous CaCl 2 was mediated by activation of CaR (1). As NFAT5 contributes importantly to TNF gene transcription (18, DN; B) . Cells were harvested after stimulation, and firefly luciferase and Renilla activities were assayed; corresponding empty or scrambled vectors were included as controls. Values are means Ϯ SD. P Ͻ 0.05; n ϭ 3. Fig. 6 . shRNA inhibition of NFAT5 transcriptional and TNF promoter activities. mTAL cells were incubated in the absence or presence of 1.2 mM CaCl2 for 6 h after transfection with pTonE_Luc (A) or a TNF-luciferase promoter construct in combination with constructs to inhibit NFAT5 (U6-N5 ex8) or NFAT1 (U6-N1 ex4; B) , as indicated. Cells were harvested after stimulation, and firefly luciferase and Renilla activities were assayed; scrambled U6-N was included as a control. Values are means Ϯ SD. P Ͻ 0.05; n ϭ 3. 34), an overexpression vector for NFAT5 was used to assess the contribution of this transcription factor to TNF production in mTAL cells. TNF production by mTAL cells incubated in the absence or presence of CaCl 2 (1.2 mM) was determined after transient transfection with either pcDNA3.1-NFAT5 or the empty vector control (pcDNA3.1). CaR activation increased TNF production by mTAL cells, an effect that was similar in untransfected cells and cells transfected with the empty plasmid (Fig. 4) . Overexpression of NFAT5 increased TNF production by about threefold compared with the empty vector in the absence of CaR activation and also significantly increased production in cells challenged with Ca 2ϩ (Fig. 4) . These data support the notion that NFAT5 contributes to enhanced TNF production after CaR activation and suggests a role for this transcription factor in basal TNF production by cultured mTAL cells.
Inhibition of NFAT5 attenuates CaR-mediated TNF reporter activity and mRNA accumulation. To further establish a link between NFAT5 and TNF gene transcription in response to CaR activation, mTAL cells were cotransfected with a shRNA construct under the control of the murine U6 small nuclear (sn)RNA promoter targeting exon 8 of the murine NFAT5 gene (U6-N5 ex8), and a TNF promoter-luciferase reporter gene construct (18) . Activity of the TNF promoter construct increased after untransfected cells or cells transfected with scrambled U6-N5 were challenged with calcium (Fig. 5A) . In contrast, activation was not observed in cells transfected with U6-N5 ex8. The increase in TNF promoter activity in response to CaCl 2 required activation of CaR as the effect was prevented in cells transfected with a dominant negative (R796W) CaR construct (Fig. 5A) .
TNF promoter activity also was inhibited in cells transfected with a dominant negative NFAT5 construct (NFAT5-DN, 7 g), but not the empty vector (Fig. 5B) . Additional evidence for a role of NFAT5 is evident from experiments using hTonE-GL3, a reporter construct driven exclusively by a consensus NFAT5 binding site (43) . Activity of hTonE-GL3 increased after untransfected cells or cells transfected with scrambled U6-N5 were challenged with calcium (Fig.  6A) . In contrast, activation was not observed in cells transfected with U6-N5 ex8 and was partially inhibited when NFAT1 was blocked (U6-N1 ex4), suggesting an interaction between these isoforms. Moreover, inhibition of NFAT1 abolished TNF promoter activity (Fig. 6B) since TNF gene transcription is regulated by both NFAT5 and NFAT1 (18, 38) .
Effects of U6-N5 ex8 on endogenous NFAT5 protein expression and TNF mRNA accumulation in mTAL cells were evaluated by LSC and quantitative real-time RT-PCR, respectively. Analysis by LSC demonstrated that the level of NFAT5 protein was inhibited dramatically in mTAL cells transfected with U6-N5 ex8, but not a construct expressing scrambled U6-N5 (Fig. 7A) . Accumulation of TNF mRNA also decreased significantly in mTAL cells challenged with CaCl 2 and transfected with either U6-N5 ex8 or dominant negative CaR but not the respective control constructs (Fig. 7B) . Collectively, these data demonstrate that NFAT5 contributes to TNF gene transcription in mTAL cells in response to CaR activation. 
Inhibition of NFAT5 attenuates CaR-mediated effects on Cl
Ϫ influx. Transient transfection experiments were performed to assess the contribution of NFAT5 to CaR-mediated inhibition of apical Cl Ϫ entry in mTAL cells. Inhibition of NFAT5 was accomplished by transfecting cells with a shRNA-expressing construct targeting exon 8 of the murine NFAT5 gene (U6-N5 ex8). Cells were incubated with CTX, an irreversible direct activator of adenylyl cyclase, to increase the amount of NKCC2 protein at the plasma membrane (24) . Entry of Cl Ϫ increased in cells incubated with CTX but was inhibited when cells were exposed to 1.2 mM CaCl 2 for 6 h (Fig. 8, A and B,  respectively) . The inhibitory effect on Cl Ϫ influx was partially reversed when cells were transfected with U6-N5 ex8, but not the control U6-N5 construct (Fig. 8B) . Transfection of mTAL cells with dominant negative CaR also attenuated the inhibitory effect on Cl Ϫ influx (Fig. 8C ). These data indicate that NFAT5 is part of the mechanism whereby CaR activation inhibits Cl Ϫ uptake by mTAL cells.
DISCUSSION
We demonstrated that NFAT isoforms 1-5 are differentially expressed in mouse mTAL tubules and primary cultures of mTAL cells. Experiments using quantitative real-time RT-PCR revealed greater accumulation of NFAT5 (TonEBP/OREBP) and NFAT1 mRNA compared with NFAT4, -2, and -3, respectively. NFAT5 protein was constitutively expressed in mTAL tubules and cells and present in the nucleus of untreated mTAL cells, as well as cells transiently transfected with an NFAT5 overexpression vector. CaR-mediated TNF production was NFAT5 dependent and induced via a transcriptional mechanism in mTAL cells as TNF promoter activity was inhibited following transfection with dnNFAT5 and shRNA (U6-N5 ex8) constructs, which suppress NFAT5 activity by two different mechanisms. U6-N5 ex8, but not scrambled U6-N5, also inhibited CaR-mediated accumulation of TNF mRNA. The ability of CaR to inhibit apical Cl Ϫ entry was attenuated when NFAT5 activity was blocked, indicating that this transcription factor contributes to a mechanism that regulates NaCl reabsorption in the mTAL.
NFAT family members are expressed in cell types participating in immunity and inflammation as well as in many organs including the kidney (39, 42) . They play a pivotal role in the transcription of cytokine and other genes critical for the immune response and tissue-specific function. NFAT5 is a member of the Rel family of transcriptional activators, as are NF-B and the NFAT1-4 isoforms. Like other Rel proteins, the DBD of NFAT5 is in an NH 2 -terminal rel-homology region highly similar (up to 43% sequence identity) to the DBD in NFAT1-4 (35). NFAT1-4 isoforms and NF-B interact with AP-1 transcription factors to facilitate transactivation of downstream genes, and this interaction at multiple rel-homology region residues results in stabilization of the ternary complex on DNA (36) . Although NFAT5 is a distant member of the NFAT family because it lacks the calcineurin binding domain (35) , it requires AP-1 for full expression of high NaCl-dependent increases in transactivation of genes encoding organic osmolytes, and can form a protein complex with c-Fos and c-Jun at specific binding sites (29) . The molecular interactions by which NFAT5 regulates CaR-mediated TNF production in TAL cells are not yet clear but may also require an interaction with AP-1. The predominant NFAT site in the TNF promoter is the quasi-palindromic 3 site, which resembles an NF-B/ Rel binding site (36, 38) . Although strict physical cooperativity between NFAT and AP-1 is not required for TNF gene transcription, AP-1 family members do cooperate functionally with NFAT to promote TNF gene transcription (19, 44) . Moreover, immediately adjacent to the 3 site of the TNF promoter is a binding site for ATF2-Jun heterodimers, factors which cooperate functionally with NFAT dimers bound to the 3 site (36) . Interestingly, NFAT5 is the only member of the NFAT family to bind the Ϫ76 NFAT and 3 sites in the TNF promoter, suggesting that the DNA-binding specificity of NFAT5 is different from that of other NFAT isoforms (18, 34) . Conse- Fig. 8 . Inhibition of NFAT5 prevents apical Cl Ϫ entry in mTAL cells. A: polarized mTAL cells were quiesced overnight and then incubated with CTX (100 nM) to increase Cl Ϫ influx. B: inhibition of NFAT5 with U6-N5 ex8 attenuates CaCl2-mediated inhibition of Cl Ϫ uptake; scrambled U6-N had no effect; n ϭ 3. C: transfection with CaR-DN, but not empty plasmid (pcDNA3.1) attenuated CaCl2-mediated inhibitory effect on Cl Ϫ influx. Values are means Ϯ SD. P Ͻ 0.05; n ϭ 3.
quently, NFAT5 also may act through unspecified alternative DNA sequences different from the NFAT sites that are currently known in cytokine gene promoters. Therefore, depending on the cell type and stimulation conditions, the NFAT5 homodimer, like other NFAT isoform dimers, may cooperate with transcription factors bound to the proximal TNF promoter, to form enhanceosome complexes that drive TNF gene transcription. Accordingly, it is of interest that TNF promoter activity in mTAL cells was blocked when NFAT1 activity was inhibited. The precise interaction of NFAT5 with other transcription factors, including NFAT1, that increase CaR-mediated TNF production in mTAL cells is currently being determined.
There is little information regarding activation of transcription factors or production of cytokines subsequent to CaR stimulation. However, activation of several signal transduction pathways upon CaR activation suggests that autocrine and paracrine effects of cytokines and eicosanoids could contribute to functions mediated via activation of this receptor (1, 3) . The inhibitory effects of CaR activation on ouabain-sensitive O 2 consumption via COX-2, in the absence of a direct effect on Na ϩ -K ϩ -ATPase activity in mTAL cells, suggest that CaR activation inhibits Na ϩ entry in these cells (2) . The transport of NaCl across the apical membrane of the TAL occurs mainly via NKCC2 (23) . Although NFAT5 is regulated by tonicity in T cells and the kidney (22, 34) , our data demonstrate that CaR activation promotes induction of TNF gene transcription via NFAT5 and subsequently inhibits Cl Ϫ reabsorption in mTAL cells. The CaR is part of a mechanism that maintains tight control over calcium homeostasis, and renal expression of this receptor may be important for the regulation of salt and water balance (7) . For instance, raising the serum-ionized Ca 2ϩ level by 25% increased the urinary excretion of Na ϩ by 150% (16) . Although the CaR is known to increase Ca 2ϩ excretion and affect NaCl reabsorption, the mechanisms for these effects are not well understood.
Activation of the CaR expressed on basolateral membranes of the TAL initiates a mechanism that contributes to regulation of sodium and chloride movement in a furosemide-like manner (6, 27) . The CaR expressed by primary cultures of mTAL cells regulates TNF production, COX-2 expression, and PGE 2 synthesis, thereby contributing to a mechanism that regulates NaCl reabsorption in this nephron segment (45) (46) (47) . Accordingly, CaR regulates TAL function by 1) a "short-term" inhibitory effect of 20-HETE on apical K ϩ channels, inhibition of cAMP, and an increase in phosphodiesterase activity; and 2) a "long-term" mechanism involving TNF/COX-2/PGE 2 (47, 49) . CaR stimulation initiates G q -and G i -dependent signaling pathways that activate NFAT to increase PGE 2 synthesis via a TNF-dependent mechanism (3). The finding that the CaR activates NFAT5 in mTAL cells is consistent with a recent report on the analysis of NFAT family members in the kidney showing abundance of NFAT5 in the TAL (22) . It also reveals a role for NFAT5 in CaR-mediated regulation of Cl Ϫ influx in this segment of the nephron, in addition to the role played by this transcription factor in the regulation of genes involved in protecting cells from hypertonic stress. It is interesting to note that a relationship between NFAT5 and two major apical transport molecules, namely, NKCC2 and ROMK, that are critical to mTAL function has recently been demonstrated (30, 32) .
In summary, the present study describes the presence of NFAT5, the most primordial NFAT family member, and other NFAT isoforms in mTAL tubules and mTAL cells. We have shown that NFAT5 is integral to the activation of TNF gene transcription in response to CaR activation. The data demonstrate that inhibition of NFAT5 by two different mechanisms blocks CaR-mediated TNF production in mTAL cells. Although NFAT5 is critically important to cellular protective mechanisms in response to osmotic stress, the physiological function of NFAT5 remains to be elucidated in tissues where osmolality is maintained at fairly constant levels as well as in the kidney. The present study illustrates that NFAT5-dependent induction of TNF produced locally may subserve physiological regulation of ion transport pathways and extends the scope of NFAT5 function in the kidney by identifying a role for this transcription factor as a determinant of TNF expression and function in response to CaR activation in the mTAL.
